Abstract The formation of laser-induced periodic surface structures (LIPSS, ripples) upon irradiation of silicon with multiple irradiation sequences consisting of femtosecond laser pulse pairs (pulse duration 150 fs, central wavelength 800 nm) is studied numerically using a rate equation system along with a two-temperature model accounting for one-and twophoton absorption and subsequent carrier diffusion and Auger recombination processes. The temporal delay between the individual equal-energy fs-laser pulses was varied between 0 and ∼ 4 ps for quantification of the transient carrier densities in the conduction band of the laser-excited silicon. The results of the numerical analysis reveal the importance of carrier generation and relaxation processes in fs-LIPSS formation on silicon and quantitatively explain the two time constants of the delay dependent decrease of the Low-SpatialFrequency LIPSS (LSFL) area observed experimentally. The role of carrier generation, diffusion and recombination are quantified individually.
Introduction
The irradiation of solids with multiple linear polarized femtosecond laser pulses at fluences close to the damage threshold leads to the formation of laser-induced periodic surface structures (LIPSS) on the surface of almost all materials [1] [2] [3] [4] . For strong absorbing materials such as metals or semiconductors, in most cases low-spatial-frequency LIPSS (LSFL) are observed with a period Λ LSFL close to the irradiation wavelength λ [1, 2, 4] . These LSFL are generated by interference of the incident laser beam with a surface electromagnetic wave (SEW) generated at a rough surface [5, 6] .
On silicon, predominantly LSFL were observed after low repetition rate (≤ 1 kHz) Ti:Sapphire femtosecond laser pulse irradiations in air environment [7] [8] [9] [10] [11] . Their orientation is perpendicular to the laser beam polarization and the periods typically range between ∼ 0.6λ and λ , depending on the degree of material excitation [10, 12] , and the number of laser pulses per spot [11] . Several authors have suggested that these structures are caused by excitation of surface plasmon polaritons (SPP) at the air -silicon interface when the material turns from a semiconducting into a metallic state [2, 10, 13] . The interference between the electromagnetic field of the SPP and the incident laser pulse leads to a spatially modulated deposition of optical energy to the electronic system of the material. After coupling to the lattice system [14] and subsequent ablation processes, this results in a periodically corrugated surface topography [15] .
The SPP-hypothesis has led to recent experiments investigating the impact of a temporally tailored energy distribution to the silicon surface by double-pulse irradiation [15] [16] [17] . In this material, the LSFL spatial period does not significantly depend on the double-pulse delay ∆t [15, 17] while the LSFL rippled area strongly decreases with delays up to several ps [16] . Two characteristic exponential decay times of ∼ 0.15 ps and ∼ 11 ps were found.
In a numerical study, we have demonstrated that the SPP active area caused by a spatially Gaussian beam profile quantitatively explains the LSFL-covered (rippled) area as a function of the double-fs-pulse delay [18] . In this work, we extend the latter study and detail the contributions of the individual carrier generation and relaxation processes i.e., oneand two-photon absorption, carrier collisions and diffusion, and Auger recombination.
Theoretical model
For SPP excitation, the silicon has to turn from a semiconducting to a metallic state upon fs-laser excitation, the following criterion has to be fulfilled [19] 
Here, ε * Si represents the dielectric function of the laser-excited silicon which can be described (as a function of laser-induced carrier density N e ) by a Drude model [20] 
where ω p = N e e 2 m * e ε 0 represents the plasma frequency and ω the laser angular frequency [e: electron charge, ε 0 : dielectric permittivity of the vacuum].
The temporal change of the carrier density in the conduction band ∂ N e ∂t is described by a nonlinear partial differential equation (Eq. 3) considering carrier generation, carrier diffusion and Auger recombination. The carrier diffusion is driven by its temperature T e , which couples via electronphonon (e-ph) interaction with the silicon lattice temperature T Si and is described by a two-temperature model (Eqs. 4, 5) .
The carrier generation rate is given by G e =
2hω , the Auger recombination rate by R e = N e τ AR +(C AR N 2 e ) −1 and the heat source term is Q e = (hω − E g ) 
∂t . The carrier mobility µ e = e/(m * e ν) depends on the collision frequency ν. The relevant parameters are compiled in Tab. 1.
The intensity I(t, z) in the sample is calculated by numerically solving the equation
where R is the transient surface reflectivity at λ = 800 nm [27] . For a temporally Gaussian double-pulse, the incident laser intensity I 0 is given by
where F 0 denotes the peak fluence of each individual pulse of the sequence. For more details on the model, refer to Refs. [18, 28] . Two criteria must be satisfied to allow the excitation of Surface Plasmon Polaritons (SPPs). Criterion 1 is defined by the condition that carrier density must exceed a threshold density N SPP th defined by Eq. (1). Combining Eqs. (1) and (2), this threshold density can be rewritten as [13] 
Criterion 2 is based on the idea that temporal interference between the incident laser wave and the SPP is required (which occurs lastly during the second part of the doublepulse). This defines the last instant t max where the intensity of the second pulse drops to a fraction ζ of its maximum
Both criteria are illustrated in Fig. 1 where the intensity distribution of the double-pulse sequence is shown in the upper part, and the corresponding carrier dynamics is presented in the lower part. ζ is exemplified for a value of 80%, and the corresponding t max is indicated by the two circles. Table 1 Material parameters used in the numerical simulations of femtosecond laser-irradiated silicon (wavelength λ = 800 nm, pulse duration τ = 150 fs).
In order to consider the spatially Gaussian beam profile used in the experiments [16] , the corresponding radial distribution of the carrier density has to be calculated. For that, the Eqs. . Thus, the radial position r can be associated with N t max e (t, ∆t, F 0 ). Applying now the threshold criterion (Eq. 7) allows to quantify the SPP active area A SPP , as illustrated in Fig. 2 . By systematically varying ∆t for the given experimental conditions, a comparison between the SPP active area A SPP and the LSFL-rippled area A LSFL can be performed as discussed in the following section. 
Results
In order to quantify the impact of the optical absorption, Auger recombination and carrier diffusion, all of these processes have been studied individually. For each case, starting from the optimum agreement demonstrated in Ref. [18] , the corresponding process parameter (two-photon absorption: σ 2 , Auger recombination: R e , carrier diffusion: µ e ) has been varied while keeping the others unchanged. Fig. 3 shows the SPP active area A SPP as a function of the double-pulse delay ∆t up to 3.5 ps for three different values of two-photon absorption coefficient σ 2 = 0, 2.5 and 6.8 cm/GW. The results of the numerical calculations are shown as lines, while the LSFL rippled area is added as blue data points for comparison. The black solid line represents the optimum agreement between A SPP and A LSFL . For σ 2 = 0 (i.e., one-photon absorption only), the results do not reproduce the rapid decay of LSFL-rippled area at short pulse delays. Moreover, to obtain an optimum agreement with A LSFL at longer delays, the peak fluence had to be set to F 0 = 1.6 J/cm 2 , which is 10 times higher than the experimental value F exp 0 = 0.15 J/cm 2 [16] . In order to quantify the importance of the two-photon absorption, σ 2 has been varied between the two most prominent values found in the literature, i.e., σ 2 = 2.5 cm/GW [29] and σ 2 = 6.8 cm/GW [23] . However, no signficant differences can be observed when the peak fluence is adjusted individually for an optimum agreement (F 0 = 0.67 J/cm 2 for σ 2 = 2.5 cm/GW and F 0 = 0.40 J/cm 2 for σ 2 = 6.8 cm/GW). The choice of the latter is more reasonable here as its corresponding fluence is closer to the experimental value. These results demonstrate that the twophoton absorption is essential to explain the rapid decay of A SPP .
In order to quantify the impact of Auger recombination, the Auger recombination rate has been set to R e = 0. overlapping double-pulses, the SPP active area remains almost constant, indicating that diffusion cannot significantly reduce the laser-induced carrier density on a timescale of a few ps. The case with Auger recombination included (R e ∝ N 3 e ) clearly demonstrates the major contribution of this effect to the SPP active area.
In order to study the effect of carrier diffusion, the carrier mobility µ e was varied. Fig. 5 shows the SPP active area A SPP as a function of the double-pulse delay ∆t for two different carrier mobilities µ e . The best agreement (black curve) with A LSFL has been obtained by setting µ e = e/(m * e ν) = 10.7 cm 2 /(V s) [18] , resulting from the carrier collision time ν −1 = 1.1 fs reported in Ref. [20] . The dotted curve has been calculated by setting µ e = 0. This comparison demonstrates the limited influence of carrier diffusion on SPP active area on the timescale up to a few ps. 
Conclusion
The carrier dynamics at the surface of silicon upon femtosecond double-laser pulse irradiation has been numerically investigated as a function of double-pulse delay and laser peak fluence, considering different processes of carrier generation and relaxation. Based on that and on two optical criteria, the SPP active area was quantified. The comparison to experimental results of the LSFL rippled area confirms the SPP-based mechanism of LSFL formation. It was quantitatively demonstrated that the two-photon absorption is responsible for the fast decay in the sub-picosecond delay range of the SPP active area, while Auger recombination accounts for the slower area decay at delays up to several picoseconds. Diffusion plays a minor role only.
